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Abstract: We report a terahertz optical modulator consisting of randomly stacked 
trilayer graphene (TLG) deposited on an oxidized silicon substrate by means of THz-
Time Domain Spectroscopy (THz-TDS). Here, the gate tuning of the Fermi level of 
the TLG provides the fundamental basis for the modulation of THz transmission. We 
measured a 15% change in the THz transmission of this device over a broad 
frequency range (0.6-1.6THz).  We also observed a strong absorption >80% in the 
time-domain signals and a frequency independence of the conductivity. Furthermore, 
unlike previous studies, we find that the underlying silicon substrate, which serves as 
a gate electrode for the graphene, also exhibits substantial modulation of the 
transmitted THz radiation under applied voltage biases.  
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Introduction Monolayer graphene presents the exciting possibility of an atomically 
thin material that can be used for a wide range of electronic and optoelectronic 
applications. Its atomically thin nature, however, presents serious design constraints 
in these applications. For example, since each layer of graphene can only absorb 2.3% 
of the incident light, the optical density of these devices will be very small. In 
addition, graphene’s gapless nature has attracted a lot of attention for its use in the far 
infrared wavelength range, where it has not yet been possible to build optoelectronic 
devices that are commonly taken for granted in the visible and near infrared 
wavelength ranges.  
In 2012, Rodriguez et al. presented the first experimental demonstration of a 
THz modulator based on the gate tuning of the Fermi level in single layer graphene. 
Interestingly, they found a modulation depth of 15% but only in a very narrow 
bandwidth <100GHz centered at 570GHz.1 Gao et al. reported THz modulation up to 
50% by exploiting the transmission through ring-shaped metallic apertures placed on 
top of voltage-gated single layer graphene. Despite the large modulation depth, 
however, the bandwidth was limited to 0.25 THz, due to the resonance peak at 
0.44THz, which suppresses any off-resonance signal, not to mention the complicated 
fabrication process of the device.2 In other related work, Maeng et al. used terahertz 
time domain spectroscopy (THz-TDS) to probe the Dirac fermion dynamics in single 
layer graphene, and found nonlinear and constant behaviors in the sheet conductivity 
for high and low densities of carriers, respectively. However, the maximum 
conductivity they measured was only 2.1 mS/square,3 which is more than one order of 
magnitude smaller than the trilayer graphene (TLG) sheet conductance presented here 
 3 
(i.e., 57mS/square). Most recently, Li et al. reported a large THz modulation depth of 
83% using double layer graphene on silicon by simultaneous optical excitation. While 
this depth of modulation is impressive, the additional light source used to excite the 
sample introduces difficulties for practical application.4 One open question that 
remains unanswered in these previous studies is whether the origin of the modulation 
is exclusively due to the graphene, or if there is a partial contribution from the 
underlying gated substrate.  
 In this letter, we investigate the gate voltage dependence of the optical 
transmission of randomly stacked trilayer graphene (TLG) by means of THz-time 
domain spectroscopy (THz-TDS). In addition to the Si/SiO2/TLG stack, we also 
measure the THz transmission spectra through the underlying silicon substrate 
without TLG as a reference, which exhibits a surprisingly large modulation of the 
THz beam with applied voltage. Unlike previous studies, we normalize each TLG 
spectrum by a different reference spectrum at each voltage.   
Experimental Details: The samples used in this study consist of large-scale 
polycrystalline TLG. First, we grow single layer graphene by chemical vapor 
deposition (CVD) on copper foil.5 Then, we transfer this monolayer graphene to an 
oxidized silicon substrate (i.e., SiO2/Si/SiO2) using a wet transfer method. The SiO2 
thickness on both sides of the silicon is 290nm. In this transfer process, the graphene-
on-Cu is coated with poly-methyl methacrylate (PMMA), and the Cu is dissolved in 
an aqueous solution of copper etchant. The PMMA/graphene stack is then transferred 
from the solution to the SiO2/Si/SiO2 substrate. The PMMA is subsequently dissolved 
by acetone, and the sample is immersed in deionized water to remove any organic 
 4 
residue.5 This transfer process was repeated to stack three layers of graphene on the 
silicon substrate. In this configuration, the silicon was used as a back gate, allowing 
us to electrostatically tune the charge-carrier density in the TLG. Gold electrodes 
were deposited on the graphene using electron beam metal deposition. A part of the 
SiO2/Si/ SiO2 substrate was left intentionally uncovered by graphene in order to be 
used as reference. The size of our TLG sample was approximately 10x10mm2, as 
shown in Figure 1a. The number of layers was confirmed by their optical contrast, as 
shown in the inset of Figure 1a, which plots the spatial profile of the reflected light 
intensities that correspond to different graphene layer thicknesses. Here, the 
orientation of one layer of graphene with respect to another is random, and we 
assume that our sample does not possess any Bernal ABA or ABC (rhobohedral) 
crystallographic stacking. Thus, we treat our trilayer sample as equivalent to single 
layer graphene with a linear, gapless band structure. Figure 1b shows the Raman 
spectrum of this sample, which is consistent with monolayer graphene, as expected 
for randomly stacked TLG.  
Our THz-TDS setup is driven by a 5 kHz Ti:Sapphire regenerative amplifier 
with 2mJ and 60 fs pulse duration at 800 nm. A part of the output is used to generate 
THz pulses via optical rectification in a 1mm thick ZeTe (110) nonlinear crystal.6 The 
emitted THz radiation was focused on the TLG sample with a parabolic mirror at 
normal incidence. The spot size of the THz beam on the sample was about 0.7mm, 
measured by the knife-edge method. The transmitted radiation through the sample 
was collected and refocused by a pair of parabolic mirrors onto another 1mm thick 
ZnTe (110) crystal, and detected by free-space electro-optic sampling.6-8 A portion of 
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the laser beam is used as a sampling beam that is scanned via an optical delay stage 
and is used to sample the temporal electric field profile of the THz transients. All of 
the measurements were performed at room temperature in a dry environment obtained 
by enclosing the THz spectrometer in a box purged with nitrogen gas. A lock-in 
amplifier, phased-locked with a chopper used to modulate the THz beam at 1.5KHz, 
was used to collect the signal.  
The time-domain electric-fields (denoted as Egr(t) and Eref(t)) of the THz 
pulses are transmitted through the sample (TLG deposited on SiO2/Si/SiO2) and 
through the reference substrate (SiO2/Si/SiO2 without TLG) are shown in Fig. 2(a). 
We windowed the time-domain data to remove the etalon pulses that are well 
separated from the main pulse. From our time-domain data, we directly observe a 
large attenuation of the THz transmission, as a result of the presence of charge 
carriers in the trilayer graphene. The THz field complex transmission coefficient 
T*(ω) is obtained from the ratio between the two Fourier transformed spectra Egr(ω) 
and Eref(ω). We derive the complex transmission coefficient as T*(w) = |T (ω)| eiφ(ω), 
where |T (ω)| and φ(ω) are the amplitude and the phase, respectively. Applying the 
thin-film approximation,9-12 we have 
                                        .   T*(ω) =
E
gr
* (ω)
Eref
* (ω)
=
1+ n
1+ n +NZ0σ(ω)
                               (1) 
We can extract the frequency-dependent complex sheet conductivity s (w) = s1 (w) + 
is2 (w)  of the TLG. In Equation 1, n = 3.42 is the refractive index of the Si layer 
because the THz wavelength is sufficiently long compared to the thickness of the 
SiO2, N is the number of the graphene layers, and Z = 377W is the vacuum 
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impedance. By inverting Eq. 1, we can obtain the real and imaginary parts of the 
complex conductivity, s1 and 2, from the experimental data as 
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%
&
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'
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*
*       and    σ2 = −
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Results and discussion: Figure 2(a) shows the time-domain THz electric field 
transmission with and without the TLG sample.  Figure 2(b) shows the Fourier 
transformed spectrum of the transmitted THz radiation through the substrate and the 
graphene samples. Here, significant attenuation is observed in the graphene sample 
spectra due to the presence of the charge carriers. We also measured the transmission 
of the THz radiation through the reference substrate 𝑇"#$(&')as a function of the applied 
gate voltage (Vg). Here, we observe a strong gate-voltage dependence of the THz 
transmission through the reference substrate (Fig.2c). This effect has not been 
reported in previous studies related to THz modulation using gated-graphene devices. 
In order to remove any residual modulation of the transmitted THz radiation caused 
by the gated substrate, we normalized our THz transmission spectra measured 
through graphene under various gate voltages by those obtained from the reference 
substrate under the same gated voltages. Again, this method is applied for first the 
time, in contrast with previous studies in which the observed modulation possibly 
contains modifications of the transmission spectra resulting from the gated substrate 
itself. 
Another interesting observation is the large attenuation of the THz radiation 
passing through the TLG. Figure 2d shows an 82% change in the peak THz electric 
σ
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field amplitude transmitted through the TLG sample compared to that transmitted 
through the reference substrate at zero applied voltage. This results from the high 
density of the charge carriers in the TLG. The carrier densities found by fitting the 
conductivity data in Fig. 3 with the Drude model are on the order of 1013cm-2. Here, 
the observed phase-shift of the time domain THz fields is relatively small, so the 
imaginary part can be neglected. While the data presented in Figure 2(d) shows a shift 
of approximately 400fs, most of the samples show negligible shifts.  
Figure 3(a) shows the negative differential transmission defined as [1-𝑇)"(&') 
/ 𝑇"#$(&') ], where 𝑇)"(&')  and 𝑇"#$(&')  are the transmission through the graphene plus 
reference and reference only, respectively. Here, the spectra are almost flat in the THz 
spectral window allowed by our setup, and the differential transmission is as high as 
80% at zero applied gate voltage.13-16 The corresponding high absorption is due to the 
large number of carriers and available density of states in graphene. The transmission 
varies with the applied gate voltages by 15% over a very broad spectral range from 
0.5 – 1.6 THz. A similar percentage modulation has been observed from other groups 
but with a much narrower bandwidth (<0.1THz, Rodriguez et al.). A large modulation 
amplitude has also been reported based on laser-pumped Si devices.4 The advantage 
of our method for modulating the THz radiation, however, is the simple fabrication 
process of the device and that no additional light source is required in order to obtain 
the modulation. Figure 3(b) shows the real part of the complex-sheet conductivity for 
a variety of different gate voltages of the TLG in the THz spectral range (from 0.6 to 
1.6 THz). The intraband conductivity in graphene is modeled with a semiclassical 
Drude model with a finite temperature as17-19 
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For kBT << EF,  s is proportional to EF and Equation 3 is reduced to the Drude model 
s(w) = sDC(EF)/(1+iwt), where sDC(EF) corresponds to the DC conductivity and t is 
the scattering time. This equation suggests that tuning of the Fermi level reflects 
corresponding changes in conductivity. The sheet conductivity varies with the applied 
gate voltage from 1.2 x 10-2 to 2.2 x 10-2 in units of (pe2/2h). This large conductivity 
is expected because of the high density of carriers arising from unintentional doping, 
but mostly due to the presence of three graphene layers stacked on top of each other. 
Our results also show a flat response for all the applied voltages in good agreement 
with those reported for single layer graphene in several studies3, 20-21 suggesting that 
the scattering rates of the carriers are high enough that there is not any observable 
frequency dependence. From the fits of our data, we deduced scattering times in the 
range of 90 to 200 fs and carrier mobilities of ~3000 cm2V-1s-1. In general, there is a 
large mobility variation in monolayer graphene due to its sensitivity to charged 
impurities. Here, we anticipate a lower degree of variation in the mobilities and 
increased screening due to the higher density of carriers and the layered nature of our 
sample, respectively. Thus, the conductivity will be less sensitive to the variations in 
the mobility of the charge carriers, making the TLG a more suitable material for 
charge transport applications. 
Each transmission spectrum in Figure 3 has been averaged, since the 
conductivity is not frequency dependent and plotted in Figure 4(b) as a function of the 
applied gate voltage. By changing the gate voltage, the carriers injected in the 
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graphene layers cause a shift of the Fermi level resulting in an increase or decrease of 
the THz transmission depending on the position of the Fermi level with respect to the 
Dirac cone. Depending on the polarity of the gate voltage, holes (p-doping) or 
electrons (n-doping) can be injected into the graphene causing the Fermi level to be 
shifted into the valence or conduction band, as shown in Figures 4(a-d). As the Fermi 
level shifts to a position that allows a larger number of transition22 (higher density of 
states), as shown in Figure 4a, the THz absorption increases and the transmission 
decreases. When the Fermi level approaches the Dirac cone (Fig. 4b), the available 
phase-space for intraband transitions is reduced, and the density of states is lowered, 
resulting in a higher transmission of the THz radiation. A similar process occurs in 
the conduction band having applied positive gate voltages (i.e., n-doping). The 
conductivity at the peak absorption is 57mS, and the corresponding charge carrier 
density is estimated to be approximately 1.1´1013 cm-2, as estimated by using a 
simple capacitor model. For our sample, the capacitance is calculated from the 
relation C=ere0/d= 12nF/cm-2, where er =3.9 for SiO2, e0 = 8.85´10-12 F/m2 is the 
permittivity of free space, and d = 290 nm is the thickness of the dielectric SiO2.  
In order to quantitatively describe the modulation depth (defined as [T(Vg)-
T(20)]/T(20)), the average transmission data normalized by the lowest absorption, 
which was obtained at 20V, have been plotted as function of the applied gate voltage. 
The data in Figure 4(b) are fitted with a Lorentzian function. The peak value near 
zero gate voltage corresponds to the Dirac point, where THz absorption via intraband 
transmissions is minimal.  
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Figure 5 shows calculations of the differential transmission [1-TGr/Tref] based 
on Eq.1 plotted as a function of the number of graphene layers for different 
conductivity values, consistent with previous values from literature [1,23,24]. These 
theoretical calculations are plotted together with the experimental values of the 
differential transmission, taken as the average values of the differential transmission 
for each spectrum shown in Figure 3a. Here, the experimental data points fall within 
the range of the theoretical values (solid curves) indicating that our differential 
transmission results agree well with the theory. Since our sample consists of trilayer 
graphene, all of the experimental data points in Figure 5 correspond to N=3. The 
calculations show that beyond 3-layers of graphene (N=3) the differential 
transmission does not show significant changes, especially at high doping levels.  
In conclusion, we fabricated CVD-grown artificially stacked trilayer graphene 
devices to modulate the transmission of THz radiation. We observed i) a strong 
absorption >20% along with higher density of carriers (1013 cm-2) and ii) a 
modulation depth of 15% over a broad spectral range (0.6-1.6 THz) by varying the 
applied gate voltage without the use of any additional external photoexcitation. Our 
approach shows that artificial multilayer graphene preserves all the properties of 
single layer graphene and provides stronger THz absorption due to the additional 
graphene layers. Moreover, the underlying silicon substrate also exhibits substantial 
modulation of the transmitted THz radiation under applied voltage biases, and these 
effects have been normalized out in the data analysis.  
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Fig. 1 (a) Photograph of the TLG on Si/SiO2 device. The inset shows the thickness 
profile of the TLG on the substrate over the region indicated by the yellow line. (b) 
Raman spectrum of the TLG shown in (a). The main peaks correspond to the G and 
2D modes.  
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Fig. 2 (a) Time-domain THz waveforms measured at different applied gate 
voltages transmitted through the TLG sample and the reference substrate. (b) 
Fourier-transformed spectra of the corresponding time-domain data plotted in (a). 
(c) Expanded THz waveforms from (a) transmitted through the gated substrate, 
clearly shown a large attenuation of the electric field transmission in the substrate. 
(d) The percentage difference between the amplitudes of the THz waveforms 
transmitted through the TLG and the substrate. One can observe a small phase 
shift on the order of few hundreds of femtoseconds.  
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Fig. 3 (a) Average differential transmission (1-Tgr/Tref) obtained at different applied 
gate voltages plotted as a function of frequency. (b) The corresponding intraband 
conductivity for a few selected spectra extracted using Eq.1 in the text. The dashed 
lines are the fits to the Drude model, while the thin solid red lines show the 
confidence interval for the zero Volt conductivity fit.  
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Fig. 4 (a-d) Energy band diagrams illustrating the shift of the Fermi level (yellow) in 
the valence and conduction bands depending on the applied gate voltages. The yellow 
arrows indicate the transitions excited by THz photons. (e) The modulation depth 
plotted as a function of the applied gate voltage. Here, the data have been normalized 
by the transmission at gate voltage 20V, where the minimum absorption has been 
observed. The blue line is a fit to a Lorentzian function. 
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Figure 5. The differential transmission [1-TGr/Tref] plotted as a function of 
the number of graphene layers for different conductivities based on Eq. 
(1). The conductivity values in the legend are given in units of pe2/2h. The 
red diamonds show the experimental average values of the differential 
transmission for each spectrum shown in Figure 3a.  
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